Objectives: To analyse the skeletal and dento-alveolar effects of the modified Louisiana State University activator (MLSUA) in Class II treatment.
Introduction
The skeletal and dento-alveolar effects of functional appliances have been studied widely. Class II correction is achieved by a combination of orthopaedic and orthodontic movements produced by functional appliance treatment (1) . Dento-alveolar changes play a major role in Class II correction, whilst there is a minor skeletal effect when the treatment is at the pre-pubertal stage (2, 3) . More significant skeletal treatment effects have been observed in patients at their pubertal growth spurt, but some dento-alveolar changes were still present (4) (5) (6) .
Unfavourable dento-alveolar changes may lead to adverse effects from the functional appliance treatment including excessive proclination and protrusion of the mandibular incisors, and retroclination and extrusion of the maxillary incisors (7, 8) . These changes may result in a clockwise rotation of the maxilla, mandible, and occlusal plane (9) (10) (11) (12) (13) (14) . Some authors have suggested that these adverse effects European Journal of Orthodontics, 2018, 164-175 doi:10.1093/ejo/cjx044 Advance Access publication 11 July 2017 could hinder the orthopaedic effects of the functional appliance by limiting the maximum protrusion of the mandible, preventing forward growth (7, 8, 11) . Moreover, the excessive proclination of the lower incisors and retroclination of the upper incisors may complicate the subsequent fixed orthodontic treatment.
Some functional appliances modified with additional features, such as the Bass appliance, cervical-pull, or high-pull headgear have been reported to minimise the adverse effects (7, 15) . The modified Louisiana State University activator (MLSUA) is designed to prevent the adverse effects produced by conventional functional appliances by maintaining the angulation of the maxillary and mandibular incisors, minimising the change of the palatal and occlusal planes, and allowing maximum mandibular protrusion. The effects of the MLSUA in Class II correction have been studied rarely (16) .
The present study aimed to investigate the skeletal and dentoalveolar effects of MLSUA in Class II treatment in pre-pubertal and pubertal subjects. The aims are as follows:
1. To evaluate the dento-skeletal effects of MLSUA in Class II malocclusions compared to untreated Class II controls. 2. To determine if there is a difference in the orthopaedic effects between pre-pubertal and pubertal Class II subjects treated with MLSUA. 3. To determine if different vertical facial types at the start of the treatment affect the treatment outcome of MLSUA.
Materials and methods

Patient selection
The experimental subjects (MLSUA group) were collected from the patient database of a private orthodontic practice in Melbourne, Australia. All individuals treated consecutively using MLSUA from 2000 to 2015 were recruited to form a master list using the search tool provided by OrthoTrac™ (Carestream Dental, California, USA). From this master list, all patients were subject to the following inclusion criteria: Table 1) . The treated subjects were divided into an early (pre-pubertal) and a late (pubertal) group (Table 1) according to skeletal maturity at the start of the treatment using the cervical vertebral maturation (CVM) method (17) .
The early group had 18 subjects with CS1 or CS2 at the start of MLSUA treatment; CVM stages at the completion of MLSUA treatment were at or before CS3. Therefore, no subject in the early group had gone through the pubertal growth spurt (according to CVM) during treatment with functional appliances.
The late group included 28 subjects at CS2 or CS3 at the start of MLSUA treatment. At completion, CVM stages were either CS4 or CS5. Therefore, all subjects in the late group had gone through the pubertal growth spurt (according to CVM) during treatment with the functional appliances. The treated subjects were also divided into three groups according to different vertical facial types using mandibular plane angle at the start of MLSUA treatment ( Table 1) .
The brachyfacial group had 10 subjects with an angle of less than 22 degrees.
The dolichofacial group had 12 subjects with an angle of greater than 28 degrees.
The mesofacial group had 24 subjects with an angle of more than 22 degrees and less than 28 degrees.
The control group obtained from the database of American Association of Orthodontists Foundation (AAOF) consisted of 46 untreated Class II subjects who had lateral cephalograms taken annually to observe their craniofacial growth for the age ranges studied. These untreated subjects were matched with the treated subjects for age, sex, and skeletal maturity status (CVM method) at the start of observation.
Treatment protocol
All the subjects in the MLSUA group were treated first with MLSUA ( Figure 1 ). This appliance was an activator with a 1-2 cm opening on freeway space and almost maximum protrusion. The mandibular incisors had 1-2 mm labial acrylic capping and complete lingual acrylic relief. Maxillary incisors had incisal edge but no labial acrylic contact, and a Bass spring as a labial bow. The acrylic occlusal to the mandibular posterior teeth was relieved to allow extrusion and levelling of the Curve of Spee if necessary. Headgear tubes were added at the second primary molar level. Deep lingual flanges were used to keep the mandible engaged in the appliance. High-pull headgear was combined with the activator with 400 g of force through the assumed centre of resistance of the maxilla. Force direction was adjusted according to the vertical facial pattern of the subjects.
The subjects wore this appliance every night for a minimum of 12-15 h for an average of 21 months. A maxillary removable plate was given for them to wear during the day in order to maintain the angulation of the maxillary incisors.
Cephalometric analysis
Digital lateral cephalograms of all subjects were taken at the following time points: start of MLSUA treatment, mean age 11.4 years (T1); completion of MLSUA treatment, mean age 13.1 years (T2); and at the end of fixed orthodontic treatment, before deband, mean age 14.7 years (T3) ( Table 1 ). They were traced using Quick Ceph ® Studio v3.8.8 (Quick Ceph ® Systems, California, USA). Cephalograms were traced by one investigator once, and repeated 2 weeks later for verification of accuracy.
A customized analysis to assess each subject was formed by combining selected aspects of the analyses of McNamara, Steiner, Ricketts, and the 'Wits' appraisal (18) (19) (20) (21) . Twenty-one variables (11 linear and 10 angular) were generated for each tracing. The landmarks and measurement variables are listed in Figure 2 and Table 2 .
Method error and sample size calculation
Thirty subjects from the MLSUA group (30 lateral cephalograms) were selected randomly. All films were retraced. Intra-class correlation coefficients (ICC) were calculated using the mean values of the original and repeated measurements combined with the BlandAltman method to assess the tracing errors ( Table 3) .
The sample sizes for the MLSUA and control groups were calculated based on a clinically significant difference of 2.5 mm in the mandibular length with a standard deviation of 2.2 mm (15), a power of 80 per cent, and an alpha value of 0.05. The calculated sample size for the independent sample t-test was 15 subjects in each group SPSS V22.0 (IBM Corp, New York, USA).
Skeletal maturity status and CVM stages
The skeletal maturity status of all subjects was assessed by one investigator using the CVM method. A calibration procedure was performed by an expert in CVM in order to ensure the accuracy and repeatability of the staging. The investigator first studied the CVM method by reviewing the article by Baccetti et al. (17) . A calibration test that required the investigator to stage 36 CVM samples was undertaken. Two weeks later, a second calibration test that contained the same samples but in a different sequence was performed by the same investigator, achieving an ICC result of 0.96.
Statistical analysis
All statistical analyses were performed using SPSS V22.0 and Minitab Express V1.3.0 (Minitab Inc., Pennsylvania, USA).
Normal distribution of the data equality of variances was checked before performing any parametric tests using AndersonDarling test. The independent sample t-test was used to compare the changes of the MLSUA group with the control group. The changes of MLSUA early and late groups were compared using the independent sample t-test. The Holm-Bonferroni correction was combined with the multiple t-test. The changes of the dolichofacial, brachyfacial, and mesofacial groups were compared using the one-way analysis of variance (ANOVA) test.
Results
The comparisons of the values of the pretreatment measurements between MLSUA and control groups, between early and late treatment groups, and among dolichofacial, brachyfacial, and mesofacial groups are reported in Tables 4, 5 , and 6, respectively.
Skeletal changes
The MLSUA group showed significantly greater reduction in ANB than the controls of 1.9 degrees (P < 0.001). This reduction was maintained before deband (1.0 degree, P < 0.01) ( Tables 7-9 ). The brachyfacial group showed significantly greater reduction in ANB of 1.2 degrees compared to the dolichofacial group, and 1 degrees compared to the mesofacial group (P < 0.05) ( Table 11) .
During T1-T2 and T1-T3, no statistically significant difference between the MLSUA and control group was found in SNA angle and A-Nperp (Tables 7-9 ). The early and late groups did not show any statistically significant difference in maxillary growth, nor did the brachyfacial, mesofacial, and dolichofacial groups (Tables 10 and 11 ).
The MLSUA group showed a statistically significant increase of 2.6 mm in mandibular length (Co-Gn) compared with the controls in T1-T2 (P < 0.001). There was mandibular catch-up growth of 1.3 mm in the control group in T2-T3 (P < 0.05). The MLSUA group gained 1.5 mm of extra mandibular growth before deband (P < 0.05). The SNB increased 1.6 degrees more in the MLSUA group in T1-T2 (P < 0.001) and 1.8 degrees more in T1-T3 (P < 0.01) (Table 7-9).
The late group gained an increase in overall mandibular length of 2.4 mm (P < 0.01) and ramus height of 2.2 mm (P < 0.001) compared to the early group (Table 10 ).
The brachyfacial group showed 3 mm greater forward movement of the pogonion relative to the N perpendicular line compared with other groups (P < 0.05) (Table 11) .
Dento-alveolar changes
The overjet was significantly reduced by 3.9 mm (P < 0.001) in the MLSUA group whilst no reduction was found in the control group in T1-T2. The overjet was reduced 1 mm (P < 0.05) more than the controls during the fixed treatment in T2-T3. Overall, the MLSUA group showed an overjet reduction of 5 mm (P < 0.001) whilst the control group had almost no change. The overbite was reduced in the MLSUA group by 2 mm (P < 0.001) in T1-T2 and 2.8 mm (P < 0.001) in T1-T3. The inter-incisal angle in the MLSUA group increased by 4.4 degrees (P < 0.001) in T1-T2 while there was no change in the control group. The Class II molar relationship was improved in the MLSUA group throughout the entire treatment (Tables 7-9 ). In T1-T2, the MLSUA group showed a statistically significant maxillary incisor retrusion of 1.2 mm (P < 0.001) relating to NA line. Although maxillary incisors were also retroclined by 2.2 degrees, the difference in retroclination was not statistically significant compared with the controls (1.6 degrees). No difference was found between the early and late groups, or between the three vertical facial types (Tables 7-11 ).
The mandibular incisors were significantly retroclined by 2.7 degrees (P < 0.001) in the MLSUA group during T1-T2. The brachyfacial group showed 3.2 degrees (P < 0.05) greater retroclination of the mandibular incisors than the dolichofacial group, and 2.0 degrees (P > 0.05) greater than the mesofacial group (Tables 7-11 ).
Vertical dimension
No difference was observed in the SN-PP angle between the MLSUA group and the controls. The maxilla did not show any posterior rotation during the MLSUA treatment. No significant change was found in the FH-MP angle. There was no difference in the vertical dimension between the three facial types (Tables 7-11 ).
Discussion
Skeletal effects
The MLSUA group showed significant skeletal Class II correction compared to the control group. The ANB angle and Wits values were both significantly reduced. The skeletal Class II correction was achieved mostly by the increase in the SNB angle and the mandibular length, rather than the distalization of the maxilla. The orthopaedic effects of the MLSUA were expressed mainly in the mandible.
The results of the present study revealed a minimal orthopaedic effect on maxillary skeletal structures. The SNA and A-Nperp in the MLSUA group showed no statistically significant difference compared to the controls during treatment. The A point did not move posteriorly. It should be noted that most of the previous studies on activators, Herbst appliances, and appliances in combination with headgear showed significant maxillary restraint, in contrast to the present results (4, 14, 15, (22) (23) (24) . The position of A point is affected by inclination of the maxillary incisors. Palatal tipping of the maxillary incisors may cause a resorption of A point (14) . Most of the studies that observed maxillary restriction with functional therapy used A point as the landmark for the maxilla and the results revealed significant palatal movement of the maxillary incisors (14, 23, 24) . In this study, there was no acrylic capping on the labial of the maxillary incisors and a Bass spring was incorporated into MLSUA in order to minimize the palatal tipping of the maxillary incisors, and no such tipping was found.
In the present study, significant change of the mandibular length and morphology was observed during MLSUA treatment. The mandibular length (Co-Gn) had an additional increase of 2.6 mm during treatment in the MLSUA group and was associated with a supplementary increase of 3 mm in the ramus height (Co-Xi). The changes observed were in agreement with previous studies that measured the mandibular length by Co-Gn. McNamara et al. (25) and Toth et al. (26) reported a supplementary elongation of the mandibular length (29) (30) (31) (32) . The gonial angle (Co-Go-Me) increased in the MLSUA group. The increase in the ramus height and opening of the gonial angle suggest a morphological change of the mandible caused by the posterior and superior condylar growth during treatment. This change contributed significantly to the Class II correction in the short term.
The control group showed a significant mandibular catch-up growth of 1.3 mm during the fixed appliance treatment period of 19.3 months. This character of the functional appliance treatment is known as the 'mortgage of mandibular growth' as originally described by Johnston (33) and is supported by other studies (4, 34, 35) including the University of North Carolina and UK randomised trials (2, 3) .
Overall, the MLSUA group showed additional mandibular growth of 1.5 mm compared to the untreated controls in a total of 40.8 months before deband.
Dento-alveolar effects
Although the MLSUA group showed a slightly larger OJ and ANB at T1, the overjet was significantly reduced together with an improvement in the Class II molar relationship in the MLSUA group whilst the control group had no significant change. The correction of the overjet and Class II molar relationship was due to mandibular forward growth and retrusion of the maxillary dentition. The overbite reduction was due to mandibular vertical growth and putative eruption of the mandibular molars. The inclination of the mandibular incisors did not contribute to overjet reduction.
MLSUA demonstrated good torque control of the maxillary incisors. The inclination of the maxillary incisors showed no significant change compared to the controls during treatment. The Bass spring applied pressure along the gingival margin of the maxillary incisors which provided more contact as close as possible to the centre of resistance of the root to counteract the appliance tipping force. The lack of labial acrylic over the maxillary incisors reduces tipping forces. Many studies have shown that the Bass spring produces good torque control of the maxillary incisors when incorporated into functional appliances (13, 15, 36) . The maxillary removable plate worn during the day also contributed to maintaining the inclination of the maxillary incisors by providing lingual support.
Retrusion of the maxillary incisors has been observed in the present study. As suggested in most of the previous studies, dento-alveolar effects of functional appliances are almost inevitable regardless of the type of appliance (6) . High-pull headgear with the activator applied a distal and upward force to the maxillary incisors. The retrusion of the maxillary incisors via bodily movement in MLSUA treatment contributed to the reduction of overjet whilst avoiding round tripping in the fixed orthodontic phase.
The present study revealed that the mandibular incisors were retroclined by 2.7 degrees in the MLSUA group compared to the control group. This finding is in contrast to most previous studies of functional appliances and proclination of mandibular incisors has been considered to be unavoidable in such treatment. Studies carried out on the bionator, Twin-block, activator, and Frankel appliances commonly found significant mandibular incisor proclination ranging from 5 degrees to 12 degrees (37). A functional appliance which protrudes the mandible often contacts the lingual surface of the mandibular incisors. Incisor proclination can easily occur as the muscles tend to pull the mandible back towards its centric relation position (38) . However, MLSUA used deeper lingual flanges to maintain the mandible in the forward position and the acrylic was relieved from the lingual of the mandibular incisors.
Hence there was no lingual contact between MLSUA and the mandibular incisors, and so no labially directed pressure was applied to them. As the mandible grew, the incisors tipped lingually to compensate for forward growth. Several studies of the headgear-activator have found mandibular incisor retroclination to be an effect of this type of appliance. Cura et al. (15) , Öztürk and Tankuter (39) , and Lerstøl et al. (40) all reported significant retroclination of the mandibular incisors during the functional appliance treatment with the headgear-activator whilst the activator-only group had significant mandibular incisor proclination, in agreement with the present study. This indicates that headgear may play an important role in controlling the inclination of the mandibular incisors, however, the exact mechanism remains unclear. One explanation could be that the headgear provides a distal force on the maxillary dentition, and the activator exerts this force to the mandibular teeth as the mandibular incisors have labial acrylic capping.
The retroclination of the mandibular incisors produced by MLSUA allowed maximum protrusion of the mandible, thus more significant orthopaedic effects were achieved during treatment. In this study, 67 per cent of the overjet reduction of 3.9 mm in the treated group was contributed to by 2.6 mm of mandibular growth, whilst 33 per cent was due to retrusion of the maxillary teeth.
There has been a greater proclination of the lower incisors in the fixed appliance therapy phase partly due to the use of Class II elastics in some cases.
Vertical changes
It has been reported that functional appliances exert excessive force in an undesirable direction to the maxillary complex which can cause a posterior rotation of the palatal and occlusal planes (11) . These adverse effects may result in a posterior rotation of the mandible and an increase in the anterior lower facial height (7, 9) . Such adverse effects are commonly reported in the literature (12) (13) (14) . In order to achieve maximum Class II correction with functional appliance treatment, these side effects must be minimised.
In the present study, high-pull headgear was used to control the changes in the vertical dimension. The extra-oral traction produces a backward and upward force passing through the assumed centre of resistance of the maxilla to limit any downward movement of the maxillary dentition and stabilise the occlusal plane (7) . In the present study, no statistically significant change was observed in the palatal plane (SN-PP), occlusal plane (SN-OP), or mandibular plane angles (FH-MP) in the MLSUA group during treatment. MLSUA demonstrated good vertical control.
Pre-pubertal and pubertal
Functional appliance treatment is believed to be more effective when carried out at the peak of pubertal growth (41) . Greater mandibular growth has been observed during the pubertal growth spurt which facilitates the orthopaedic effect of the functional appliance treatment and Class II correction (4, 42) . Moreover, when the growth modification is carried out closer to the eruption of the full permanent dentition, fixed orthodontic treatment can start soon after the functional appliance treatment. Good inter-digitation of the occlusion may assist in maintaining the Class II correction achieved during the functional stage, thus producing a more stable result (43) . Previous RCTs performed at the pre-pubertal stage confirmed that the Class II correction could not be maintained in the long term if the growth modification started too early (44) . Regarding treatment timing, the results of the present study reveal that within the MLSUA group, those treated during rapid pubertal growth showed 2.4 mm more elongation of mandibular length than those treated in the pre-pubertal stage associating with a 2.2 mm greater increase in ramus height (Co-Xi). This suggests that MLSUA treatment is more effective when performed during the pubertal growth spurt, in agreement with the results of many previous studies on the influence of timing on treatment outcomes (4, 5, 28, 41, 45) .
Different vertical facial heights
The direction of mandibular growth can affect the treatment outcome of growth modification. The individual response to functional appliance treatment varies widely (6) . Class II correction may be more effective in patients who have favourable biological growth potential (46) . The vertical facial type and mandibular morphology are considered to be the key prognostic factors for successful treatment of Class II patients (47, 48) .
In this study, the brachyfacial group was more Class II dentally, based on the molar relationship and less Class II skeletally based on the position of the Pog compared to the dolichofacial group before treatment. However, the brachyfacial group showed greater reduction in the ANB angle of 1.2 degrees associated with more forward movement of Pog by 3 mm whilst the improvement of the molar relationship had no difference among three groups. This suggests that the brachyfacial patients had more favourable forward mandibular growth in the short term that contributed more to Class II correction.
There was significantly more retroclination of the mandibular incisors of 3.2 degrees observed in the brachyfacial group and this may be due to the horizontal growth of the mandible.
Finally, no posterior rotation of the maxilla or the mandible was identified in any of the three groups during treatment. MLSUA can be used for dolichofacial patients without having side-effects in the vertical dimension (7).
Conclusion
MLSUA corrected the Class II malocclusion by accelerating mandibular growth in the short term with minimum dento-alveolar compensation, and the correction was maintained before deband. The maxillary incisors were not significantly retroclined, and the mandibular incisors were not proclined. The mandibular, palatal, and occlusal planes remained stable. MLSUA treatment may be more effective if performed at puberty. Brachyfacial patients showed more favourable horizontal mandibular growth and Class II correction. The vertical facial type and morphology of the mandible can affect the treatment outcome in the short term. 
